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The highly pathogenic Yersinia enterocolitica strains have a chromosomally encoded type III secretion system (T3SS) that is ex-
pressed and functional in vitro only when the bacteria are cultured at 26°C. Mutations that render this system nonfunctional are
slightly attenuated in the mouse model of infection only following an oral inoculation and only at early time points postinfec-
tion. The discrepancy between the temperature required for the Ysa gene expression and the physiological temperature required
for mammalian model systems has made defining the role of this T3SS challenging. Therefore, we explored the use of Drosophila S2
cells as a model system for studying Ysa function. We show here that Y. enterocolitica is capable of infecting S2 cells and replicating
intracellularly to high levels, an unusual feature of this pathogen. Importantly, we show that the Ysa T3SS is required for robust intra-
cellular replication. A secretion-deficient mutant lacking the secretin gene, ysaC, is defective in replication within S2 cells, marking the
first demonstration of a pronounced Ysa-dependent virulence phenotype. Establishment of S2 cells as a model for Y. enterocolitica
infection provides a versatile tool to elucidate the role of the Ysa T3SS in the life cycle of this gastrointestinal pathogen.
Yersinia enterocolitica biovar 1B has two functional type III se-cretion systems (T3SS). One is the well-characterized Ysc-Yop
T3SS, which is essential for virulence in mouse models of infection
(reviewed in reference 1). This system is completely contained on
an 70-kb virulence plasmid and is shared by all three pathogenic
yersiniae. Specific functions have been identified for many of the
effectors (Yops) of this system and are primarily directed toward
inhibiting phagocytosis and blocking immune responses. The
Ysa-Ysp T3SS is encoded on the chromosome in a region called
the plasticity zone and is present only in the highly virulent Y.
enterocolitica biovar 1B strains (2). Of the 15 proteins secreted by
the Ysa T3SS under Ysa-inducing growth conditions, 12 are des-
ignated Ysps and 3 are Yop effector proteins that are associated
with and usually secreted by the plasmid-encoded Ysc T3SS (3).
Four Ysps have conserved functional domains, and two of these
display their predicted functions in vitro (4). However, unlike the
Yops, most of the Ysp effector proteins are unique and have no
identified roles (4). Curiously, only one Ysa effector gene, yspA, is
located in the same locus as the secretion apparatus genes; the
genes encoding the remaining effectors are scattered around the
chromosome and are likely to have been acquired by independent
horizontal transfer events (4).
In vitro, secretion of Ysps is observed only when the bacteria are
cultured at 26°C and in the presence of high concentrations of
sodium chloride (290 mM) (5, 6). An unusual phosphorelay
system, YsrRST, is required for activation of the promoter that
controls expression of the ysa apparatus genes (7, 8). RcsB, a re-
sponse regulator in the Rcs phosphorelay system, is also required
to activate this promoter (8). Intriguingly, the majority of the ysa
effector genes are coordinately regulated by the same environmental
conditions and transcriptional regulators that activate expression of
the apparatus genes, despite being scattered around the chromosome
(9). This is particularly striking given the assumption that these genes
were independently acquired yet apparently have evolved synchro-
nous regulation with the apparatus genes to ensure a complete system
that is functional under specific conditions.
Attempts to define the role of the Ysa T3SS in vivo have been
challenging, and the function of this system has remained a bit of
an enigma. Although the Ysa T3SS is unique to the highly patho-
genic Y. enterocolitica 1B strains, mutations that render the Ysa
system nonfunctional are only mildly attenuated in the mouse
model of oral infection, and the virulence defects are subtle (4, 5,
8). Tissue culture models have provided limited insight, as their
use is hampered by the strict low-temperature requirement for ex-
pression and function of the Ysa T3SS. While the Ysa-Ysp system does
not appear to be a critical virulence factor in the mouse model, the
fact that Y. enterocolitica has preserved this intact T3SS and presum-
ably evolved coordinated regulation of independently acquired effec-
tor genes would seem to indicate that it is a necessary element during
some stage in the life cycle of this gastrointestinal pathogen.
As efforts to study the role of the Ysa T3SS in host systems
have been stymied by the conflict between the temperature
required to activate the ysa and ysp genes (26°C) and the tem-
perature of host and tissue culture systems (37°C), we turned to
a model system compatible with growth at lower temperatures,
Drosophila melanogaster S2 cells. S2 cells are a macrophage-like
cell line and have been demonstrated as a suitable model for the
study of host-pathogen interactions, replicating many pheno-
types observed in mouse and human cell lines (10–12). The
genetic and cellular tools available for use with these cells are
plentiful, and numerous approaches to RNA interference
(RNAi) screens have been employed to examine host-pathogen
interactions (13–20). In addition, a recent study utilized S2
cells to examine the function of the Yersinia T3SS effector YopJ
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(21). Therefore, S2 cells seemed to be an ideal host system in
which to study the importance of the Ysa T3SS. In this report,
we demonstrate for the first time a pronounced role for the Ysa
T3SS in an infection model. Elements of this system are re-
quired for an intracellular replication process that ultimately
kills the S2 cells, while Ysa-deficient strains fail to replicate. In
addition to uncovering a potentially important role for this
conserved T3SS, this work also provides the basis for numerous
studies that will contribute significantly to identifying the
function of the Ysa T3SS in the life cycle of Y. enterocolitica.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains and plasmids used in
this study are listed in Table 1. Y. enterocolitica strains were grown at 26°C
in LB (1% tryptone, 0.5% yeast extract) with 290 mM NaCl (referred to as
LB-290). Escherichia coli strains were grown in LB at 37°C. Kanamycin, 50
g/ml, and nalidixic acid, 20 g/ml, were added as needed.
Plasmid and strain construction. The plasmids and strains used in
this study are listed in Table 1, and the primers are listed in Table 2.
Each newly constructed plasmid was confirmed by restriction digest
patterns and sequencing. Plasmid pJH026 was constructed as follows.
The constitutive em7 promoter was amplified from pGEN-luxCDABE
(22) using primers JDH151 and JDH152. The product was cleaved
with SalI and BamHI and ligated into those same sites of pPROBE-
gfp[tagless] (23).
In-frame gene deletions were constructed as previously described (7).
Briefly, fragments of approximately 500 bp upstream and downstream of
each gene were independently amplified using primers designated with
delA/delB (upstream) or delC/delD (downstream). These fragments were
TABLE 1 Strains and plasmids used in this work
Strain or plasmid Relevant genotype or characteristicsa Reference
E. coli Invitrogen
DH5 F 80lacZM15 (lacZYA-argF)U169 deoP recA1 endA1 hsdR17(rK
 mK
)
S17-1pir Tpr Strr recA thi pro hsdR hsdM RP4::2-Tc::Mu::Km Tn7;  pir lysogen 44
Y. enterocolitica
JB580v 8081v (r m Nalr), serotype O:8 45
JB580c JB580v cured of pYVe8081 Lab strain
YVM1178 JB580v ysaC 31
YVM1184 JB580c ysaC This work
YVM1374 JB580v yscC 31
YVM1629 JB880v ysaC yscC This work
YVM1600 JB580c yspD This work
YVM1370 JB580v inv This work
YVM1390 JB580c inv This work
YVM1520 JB580c yspA This work
YVM1521 JB580c yspE This work
YVM1522 JB580c yspF This work
YVM1523 JB580c yspI This work
YVM1524 JB580c yspK This work
YVM1525 JB580c yspL This work
YVM1528 JB580c yspM This work
YVM1526 JB580c yspP This work
YVM1527 JB580c yspY This work
YVM11511 JB580c yspAF This work
YVM1550 JB580c ysp9 (yspAEFIKLMPY) This work
Plasmids
pSR47S Kanr; MobRP4 oriR6K, cloning vector 24
pGEN-lux Ampr; source of em7 promoter for pJH026 22
pPROBE-gfp[tagless] Kanr; gfp transcriptional fusion plasmid 23
pMWO-073 Specr; low-copy-number expression vector 25
pJH026 Kanr; em7 promoter cloned into pPROBE-gfp[tagless] This work
pKW60 Kanr; yspA in-frame deletion (codons 6–637 deleted) This work
pKW54 Kanr; yspE in-frame deletion (codons 11–380 deleted) This work
pKW59 Kanr; yspF in-frame deletion (codons 5–346 deleted) This work
pKW12 Kanr; yspI in-frame deletion (codons 29–137 deleted) This work
pKW91 Kanr; yspK in-frame deletion (codons 12–176 deleted) This work
pKW56 Kanr; yspL in-frame deletion (codons 2–700 deleted) This work
pBF001 Kanr; yspM in-frame deletion (codons 14–275 deleted) This work
pKW57 Kanr; yspP in-frame deletion (codons 8–382 deleted) This work
pKW55 Kanr; yspY in-frame deletion (codons 13–444 deleted) This work
pKW106 Kanr; yspD in-frame deletion (codons 20–319 deleted) This work
pEll26 Kanr; inv in-frame deletion (codons 4–833 deleted) This work
pKW132 Specr; ysaC coding region in pMWO-073 This work
pKW133 Specr; yspD coding region in pMWO-073 This work
a Kan, kanamycin; Amp, ampicillin; Spec, spectinomycin.
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digested with SalI and BamHI (upstream) or BamHI and NotI (down-
stream), ligated into pSR47S (24), cut with SalI and NotI, and transformed
into S17-1  pir. The resulting plasmids were verified by restriction digest and
sequencing and then introduced into the desired Y. enterocolitica strains by
conjugation. Following counterselection on sucrose plates, confirmation of
the deleted gene was determined by diagnostic PCR.
Complementation clones for the ysaC and yspD genes were con-
structed by amplifying the respective gene and cloning into pMWO-073,
a low-copy-number vector with the tet operator/promoter inducible with
anhydrous-tetracycline (ATc) (25). Primers KW244 and ysaC-delD were
used to amplify ysaC, and KW245 and yspD-delD were used to amplify
yspD. Each primer adds a restriction site (KpnI on forward and NotI on
reverse); the products were cleaved with these enzymes and ligated into
pMWO-073 cleaved with these same enzymes. The resulting plasmids,
pKW132 (ysaC) and pKW133 (yspD), were verified by restriction digest
and sequencing. Expression was induced from these promoters by adding
100 ng/ml ATc.
To cure Y. enterocolitica of the pYV8081 virulence plasmid (pYV), the
bacteria were streaked for isolation on LB-MOX agar plates (20 mM so-
dium oxalate and 20 mM magnesium chloride) and grown at 37°C over-
night. Large colonies were selected and passaged on LB-MOX to confirm
a pure population of large colonies. Loss of pYV was corroborated by the
absence of PCR amplification of genes carried by pYV.
GPA. For gentamicin protection assay (GPA), Drosophila S2 cells were
maintained in Sf-900 II media (Invitrogen) at 26°C without CO2 as de-
scribed previously (26). The cells were seeded at a concentration of 5 	
105 cells per well in a 24-well tissue culture plate and incubated at 26°C for
16 h before infection. Saturated overnight cultures of Y. enterocolitica
carrying pJH026 grown in LB-290 were diluted to a starting optical den-
sity at 600 nm (OD600) of 0.2 in 2 ml of LB-290 and grown for 2 h at 26°C
on a roller drum to induce the Ysa T3SS. The OD600 of bacterial cultures
was measured and used to calculate the volume needed for a multiplicity
of infection (MOI) of 10. Bacterial cultures were added to the wells and
centrifuged at 215 	 g for 5 min to initiate infection. After a 1-hour
incubation at 26°C, the medium was replaced with medium containing
100 g/ml gentamicin (Gent100) to kill extracellular bacteria, and the
culture was incubated for 1 h at 26°C. The medium was then replaced
again with medium containing 10 g/ml gentamicin (Gent10), and the
culture was incubated until the desired time point. At these time points,
the medium was removed and 200 l 1	 phosphate-buffered saline (PBS)
was added. Fluorescence (excitation at 485 nm, emission at 528 nm) was
measured using a Synergy H1 plate reader (BioTek, Winooski, VT). The
relative fluorescence units (RFU) from an uninfected well containing S2
cells was subtracted from the RFU in experimental samples. All strains
were tested in quadruplicate on each plate and normalized to the relevant
wild-type strain. Each strain was tested at least three times, and data from
representative assays are shown. When testing strains with pMWO-073
and derivatives (see Fig. 1B), 100 ng/ml ATc was added to the S2 cell
medium to ensure expression during the course of infection.
Assay for intracellular bacteria. Internalized bacteria were measured
essentially as described for invasion assays (27). Y. enterocolitica strains
were used to infect S2 cells as described for the gentamicin protection
assays above. After a 1-h treatment with Gent100, the S2 cells were lysed
with 1% Triton X-100 for 5 min, diluted, and plated on LB agar containing
nalidixic acid and kanamycin. The percentage of intracellular bacteria was
calculated as the number of viable bacteria recovered divided by the inoc-
ulum and expressed as percent intracellular bacteria. Because assays were
performed on multiple days with some variation in percent intracellular
bacteria obtained for the wild-type strain, all comparisons are relative to
the average wild-type value obtained from the assay in which the mutants
were tested. The relative percent invasion between the wild type and
ysaC was consistent between assays, validating this approach.
Intracellular bacterial growth curves. S2 cells were seeded and in-
fected as described for invasion and gentamicin protection assays. At 2, 5,
and 8 h postinfection, the S2 growth medium was removed, and the cells
were lysed with 1% Triton X-100, diluted, and plated on LB agar plates as
described above. Because of the large number of extracellular bacteria at
later time points, 100 l of 10% Triton X-100 was added directly to the
growth medium (1% final concentration) for the 16- and 20-h samples.
Three experiments were performed for 2, 8, and 20 h and two experiments
for 5 and 16 h (see Fig. 5B for the data derived from all experiments).
Growth rates were calculated from these data using the formula ln(CFU2)
 ln(CFU1)/t2  t1, where t1 is the time in hours and refers to 2 and 5 h
and t2 refers to 5 and 8 h (28).
Cytotoxicity assay. S2 cells were seeded and infected as described
above for the invasion and gentamicin protection assays. At 8, 12, or 22 h
postinfection, supernatants were transferred to microcentrifuge tubes,
centrifuged for 2 min at maximum speed to remove debris, and then
transferred to clean microcentrifuge tubes. For samples that were lysed,
100 l of 10% Triton X-100 was added to the wells and allowed to incu-
bate for 5 min before being transferred and centrifuged as above. Using
the D-lactic acid/L-lactic acid kit (R-Biopharm, catalog number 11 112 821
035) with a 300-l reaction volume, 90 l of cleared supernatant/lysate
was mixed with 133.9 l buffer, L-lactate solution (8 g), glutamate-
pyruvate transaminase (4.2 U), and water. The reaction was initiated by
the addition of NAD (940 g). Absorbance at 340 nm was measured every 2


















































a Restriction enzyme sites are underlined.
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min for 1 h using a Tecan infinite M200 plate reader and Magellan version 7.1
software. Lactate dehydrogenase (LDH) activity is represented as the slope of
NADH production (OD340/time), where the slope for the uninfected
lysed S2 cells was set to 100% and all others normalized to this value.
Fluorescence microscopy. Prior to seeding S2 cells in 24-well plates,
glass coverslips were placed at the bottom of each well, and GPAs were
performed as described above. At the desired time point, the medium was
removed, and the cells were washed with 1 ml 1	 PBS and fixed with 4%
paraformaldehyde in 1	 PBS. After incubation at 4°C for 15 to 20 min,
the coverslips were washed twice with 1	 PBS and allowed to dry. Cov-
erslips were mounted on slides using Prolong Gold mounting media with
DAPI (4=,6-diamidino-2-phenylindole) (Invitrogen) and cured in the
dark at room temperature overnight. At least two fields were selected for
each sample, and paired differential interference contrast (DIC), blue
fluorescent (DAPI), and green fluorescent protein (GFP) images were
obtained for each field to identify whole S2 cells, nuclei, and bacteria,
respectively. Exposures were set for wild-type samples and held constant
when imaging mutant samples to accurately represent the presence or
absence of fluorescent signal. Images were captured using an Olympus
BX-60 microscope with a 60	 objective equipped with a SPOT-RT slider
charge-coupled-device (CCD) camera (Diagnostic Instruments) and pro-
cessed with iVision imaging software (version 4.0; BioVision Technolo-
gies, Exton, PA). Images were prepared for presentation using Adobe
Photoshop. Images were obtained and analyzed from at least three inde-
pendent infections; those shown are from one representative infection.
TEM. A GPA was performed as described above, except the MOI was
increased to 25 to enhance the number of S2 cells containing intracellular
Y. enterocolitica. At 4 h postinfection, the cells were fixed in 3% glutaral-
dehyde– 0.15 M sodium phosphate buffer, pH 7.4, for 1 h at room tem-
perature. Following three rinses with 0.15 M sodium phosphate buffer,
pH 7.4, the monolayers were postfixed with potassium ferrocyanide-re-
duced osmium for 1 h at room temperature (1% osmium tetroxide–
1.25% potassium ferrocyanide– 0.15 M sodium phosphate buffer [29]).
After washing with deionized water, the cells were dehydrated using in-
creasing concentrations of ethanol (30%, 50%, 75%, 100%, and 100% for
10 min each) followed by embedment in Polybed 812 epoxy resin (Poly-
sciences, Inc.,Warrington, PA). The cells were sectioned en face to the sub-
strate at 70 nm using a diamond knife. Ultrathin sections were collected on
200 mesh copper grids and stained with 4% aqueous uranyl acetate for 15
min, followed by Reynolds’ lead citrate for 7 min (30). Samples were viewed
using a LEO EM910 transmission electron microscope (TEM) (Carl Zeiss
SMT, Inc., Peabody, MA), operating at an accelerating voltage of 80 kV. Dig-
ital images were taken using a Gatan Orius SC 1000 CCD Camera and Digi-
talMicrograph software (version 3.11.0; Gatan, Inc., Pleasanton, CA).
Statistical analysis. All experiments were evaluated using an un-
paired, two-tailed Student’s t test. Analyses were conducted using the
statistics feature in Prism version 6.0 (GraphPad Software). The stated P
values always refer to comparison with wild-type-infected samples.
RESULTS
The Ysa T3SS is required for infection of S2 cells. The usefulness
of tissue culture cell lines for the study of the Ysa T3SS is abrogated
by the low-temperature requirement for expression of genes en-
coding the system components. Because Drosophila S2 cells grow
at 26°C and have proven to be a useful system for the study of
other bacterial pathogens, we decided to determine if S2 cells
might provide a suitable model for studying the Ysa T3SS. YsaC is
the outer membrane secretin protein of the secretion apparatus;
deletion of the ysaC gene eliminates Ysa-dependent secretion in
vitro and was therefore chosen as a Ysa-deficient strain for these
studies (7, 31). To establish whether wild-type or ysaC Y. entero-
colitica strains could infect S2 cells, we performed gentamicin pro-
tection assays (GPA). At 20 to 24 h postinfection, the bacteria were
enumerated by plating, and the CFU from wild-type-infected cells
averaged 
25-fold more bacteria than ysaC-infected cells (data
not shown; see Fig. 5B). Visual inspection of infected S2 cells by
light microscopy prior to lysing for CFU enumeration revealed an
unusual result: a large population of extracellular bacteria was
observed in wild-type-infected wells, and almost no visible bacte-
ria were observed in the wells infected with ysaC. These obser-
vations lead to two conclusions: (i) Y. enterocolitica readily infects
S2 cells in a manner not observed in mammalian cells, and (ii) the
striking difference in growth behavior between the wild-type and
ysaC strains indicated that the S2 cells could be a suitable model
for the study of the Ysa T3SS. To more easily quantify bacterial
growth following infection of S2 cells, we transformed the wild-
type and ysaC strains with a plasmid expressing gfp under the
control of a constitutive promoter (pJH026) so that the relative
size of the bacterial populations could be inferred by measuring
relative fluorescence units (RFU). Consistent with the CFU data,
we found that at 20 h postinfection, the wild-type bacteria had
proliferated extensively to high numbers (set to 100%), while the
number of ysaC bacteria remained low (15%) (Fig. 1A). This
indicates that the gfp reporter can be used reliably as an indicator
of replication in S2 cell GPAs. Importantly, this is the first dem-
onstration of a pronounced requirement for the Ysa T3SS in an
infection model.
All pathogenic Yersinia strains possess a virulence plasmid en-
coding the Ysc T3SS. This T3SS is essential for virulence of these
pathogens in mice and is known to be upregulated in vitro at 37°C
under low calcium concentrations (reviewed in reference 1). Al-
though the S2 cell assays are all conducted at 26°C, it has been
shown that Yops can be translocated in a Ysc-dependent manner
into insect cells at this lower temperature (32). Therefore, we
wanted to determine if the Ysc T3SS (encoded by pYV) contrib-
uted to the infection of S2 cells. Both the wild-type and ysaC
strains were cured of the virulence plasmid (pYV) to remove all ysc
and yop genes and tested in a GPA. There was no substantial dif-
ference between the two Ysa strains, as the RFU from the pYV
strain was 97% of the pYV strain (Fig. 1A). Similarly, the plas-
mid-cured ysaC strain behaved comparably to its pYV coun-
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FIG 1 Infection of S2 cells by Y. enterocolitica requires a functional Ysa T3SS.
S2 cells were infected with Y. enterocolitica strains at an MOI of 10 and sub-
jected to gentamicin protection assays as described in Materials and Methods.
Relative fluorescence units (RFU) measured at 20 h postinfection are averages
from 4 wells per strain and normalized to wild type, pYV (set to 100%); error
bars represent the standard deviations. (A) Strains with mutations that impact
T3SS in Y. enterocolitica show that only the Ysa system is required for replica-
tion. (B) Both secretion (ysaC) and translocation (yspD) components are
necessary for replication. Each deletion strain (all pYV) was tested alone (,
no plasmid) or transformed with pMWO-073 (V, vector) or complementing
clone (C, complemented) as indicated below the x axis. Data shown are from a
representative assay; each assay was performed a minimum of three times. The
complementing clones are pKW132 for ysaC and pKW133 for yspD.
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that three of the proteins secreted through the Ysa T3SS are Ysc
effectors (YopE, YopP, and YopN) (3). Curing the strains of pYV also
removes these yop genes; in order to assess the potential contribution
of these Yops to Ysa-dependent infection of S2 cells, a clean deletion
of the yscC gene, encoding the Ysc secretin, was constructed and
tested by GPA. This yscC strain was found to behave just as the other
Ysa strains, yielding RFU at 108% of the wild-type level (Fig. 1A). In
addition, a ysaC yscC double deletion resulted in a phenotype
similar to that of the other Ysa strains, yielding 7% of the pYV
wild-type RFU. Thus, neither the Ysc T3SS nor the Yops appear to
contribute to the infection of S2 cells.
The cellular impact of type III secreted effectors is typically a
result of translocation of these proteins across the host cell mem-
brane. Therefore, we wanted to verify that the observed bacterial
replication in S2 cells was a consequence of effector translocation
and not just secretion from cytoplasmic bacteria postinternalization.
Published data indicate that S2 cells are amenable to translocation
(32), and we have observed Ysa-dependent translocation of Ysps into
other insect cell lines (data not shown). To assess the importance of
Ysp translocation, we performed a GPA with a strain carrying an
in-frame deletion of yspD, which encodes one component of the
translocon. This strain displayed low RFU levels comparable to those
of the ysaC strain, with 5% of wild-type RFU (Fig. 1B). A similar
result was obtained for another translocon mutant, yspB (data not
shown). The low level of fluorescence from both the ysaC and
yspD strains could be complemented when transformed with plas-
mids carrying an ATc-inducible copy of the deleted gene (Fig. 1B).
These data suggest that translocation, and not just secretion, is re-
quired for the bacterial replication phenotype. Taken together, these
results demonstrate that infection of S2 cells by Y. enterocolitica (i)
requires a fully intact Ysa T3SS (both secretion apparatus and translo-
con) and (ii) does not require the Ysc T3SS or Yop effectors.
Infection time course evaluation reveals Ysa-dependent in-
tracellular replication. Quantitative fluorescence readings indi-
cated a dramatic difference between wild-type and ysaC strains
after 20 h of infection but gave no information about the progres-
sion of infection. In addition, the presence of extracellular bacteria
is a highly unusual attribute of bacteria in a GPA. To gain insight
into the various stages of Y. enterocolitica infection in S2 cells,
GPAs were performed, and samples were taken every 4 h for flu-
orescence microscopy. Wild-type, ysaC, and yscC strains (all
pYV) were used for this series of experiments to evaluate the
contribution of both T3SS (wild type), Ysc T3SS only (ysaC),
and Ysa only (yscC) to the S2 cell infection progression. At 4 h
postinfection, images of S2 cells infected with each strain showed
bacteria exclusively in what appears to be an intracellular environ-
ment and with comparable bacterial loads (Fig. 2). However, by 8
h postinfection, the cytoplasm of S2 cells infected with Ysa
strains (wild type and yscC) were filled with bacteria, while those
infected with the ysaC strain still contained amounts of bacteria
similar to that at 4 h. The Ysa bacteria clearly demarcated the
edges of the S2 cells within which they were confined, suggesting
that intracellular bacterial replication had occurred. At 12 and 16
h postinfection, the ysaC strain appeared to remain virtually
identical to that at 4 h, with modest levels of replication occurring
in a few cells. However, replication of wild-type and yscC strains
continued to progress, leading to the apparent rupturing of the S2
cells and continued growth as extracellular bacteria (Fig. 2). At the
later time points (20 and 24 h), replication of the Ysa strains
appears to have occurred both intra- and extracellularly, leaving
very few healthy or uninfected S2 cells (Fig. 2). The ysaC strain
showed no noticeable outgrowth and was still predominantly con-
tained within the S2 cells. These time course images provide evi-
dence suggesting that, while both Ysa and Ysa Y. enterocolitica
strains survive intracellularly, a functional Ysa T3SS is required for
intracellular replication and escape from the S2 cells.
The presence of live extracellular bacteria is a striking phenom-
enon, especially given that the medium contained 10 g/ml gen-
tamicin, a dose capable of killing Y. enterocolitica. In a series of
control experiments (all performed at 26°C) to test that the extra-
cellular bacteria were not a consequence of differential resistance
to gentamicin treatment, we determined that wild-type and ysaC
strains are equally sensitive to various concentrations of gentami-
cin and that the 1-h treatment at 100 g/ml killed 
99% of the
bacteria (data not shown). However, gentamicin is known to be-
come less active in acidic environments (33), and the S2 culture
medium (Sf-900 II) is acidic (pH 6.5). To determine whether
the low pH reduced the effectiveness of the gentamicin (thus al-
lowing extracellular bacterial growth), we tested the ability of
these strains to grow in Sf-900 II as well as in LB at pH 6.3 and
unbuffered LB, all with and without various gentamicin concentra-
tions. We found that Y. enterocolitica can grow in the presence of 10
g/ml gentamicin when the pH of the medium is acidic (data not
shown). No growth was detected in the unbuffered LB with gentami-
cin at 10 g/ml or higher (lower concentrations were not tested).
Higher concentrations of gentamicin were able to prevent bacterial
growth even in acidic medium, but these doses were not usable in the
GPA because the S2 cells did not tolerate the higher concentrations
for the prolonged amount of time required for the assay.
Ysa T3SS promotes internalization of Y. enterocolitica into
S2 cells. In an effort to more closely examine the intracellular
differences between the wild-type and ysaC strains and to con-
firm the intracellular localization of bacteria following infection,
transmission electron microscopy was performed on samples har-
vested at 4 h postinfection. The infection conditions were altered
slightly to favor more S2 cells harboring bacteria (see Materials and
Methods). In these images, we observed numerous S2 cells with in-
tracellular wild-type bacteria. These bacteria appeared to be either in
a single-membrane-bound compartment or cytoplasmic (Fig. 3, top
and middle panels). However, very few S2 cells could be found con-
taining ysaC bacteria (Fig. 3, bottom panel). Those that were ob-
served were in single-membrane-bound compartments and ap-
peared to be undergoing degradation. These TEM images suggested
that the Ysa system plays a role in invasion of S2 cells.
To ascertain if the Ysa T3SS promoted entry of Y. enterocolitica
into S2 cells, we measured the number of intracellular bacteria at 2
h postinfection. It was not possible to determine attachment of
bacteria to S2 cells independently from internalization into S2
cells; S2 cells are loosely adherent to tissue culture plastics, and
attachment assays require extensive washing to remove nonadher-
ent bacteria. Plasmid-cured Y. enterocolitica strains were allowed
to infect S2 cells as above, and following the Gent100 treatment, the
cells were lysed, diluted, and plated for CFU enumeration. The
number of intracellular bacteria was divided by the number of
bacteria in the inoculum to determine percent intracellular bacte-
ria. The values obtained for the wild-type strain were typically 2 to
5%, which is quite low compared to that observed for invasion of
mammalian epithelial cell lines (typically 
10%) (27). However,
the percent intracellular bacteria measured for the ysaC strain
was 1%, consistently measuring about 5-fold less than the wild-
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type value from experiment to experiment (Fig. 4). Similar de-
creases were observed for Ysa strains in the yscC and pYV
strain backgrounds, indicating that this is a Ysa-specific phenom-
enon (data not shown).
The intracellular pathogens Salmonella enterica serovar Typhi-
murium and Shigella flexneri both use T3SS effectors to promote
invasion into their target cells (reviewed in references 34 to 36).
Thus, it seemed likely that one or more of the Ysps could similarly
promote invasion of Y. enterocolitica into S2 cells. To determine
which, if any, of the known effectors played a role in invasion,
strains containing in-frame deletions of individual ysp genes were
tested for their contribution to the percent intracellular bacteria.
Because the experiments testing these mutants were performed on
different days, the percent intracellular bacteria determined for
each mutant was normalized to that of the wild-type strain to
enable comparison. Three effectors appeared to be important for
internalization: YspA, YspF, and YspK (Fig. 4). Deletion of each
gene showed a statistically significant reduction in the percent
intracellular bacteria (P  0.0001 for yspA and yspF; P  0.001
for yspK). Loss of any other single ysp gene did not result in a
significantly different percent intracellular bacteria compared to
the wild type. As effectors present the possible complication of
functional redundancy, we also constructed a single strain lacking
all nine ysp genes, referred to as ysp9. This strain showed a re-
duction in intracellular bacteria relative to the wild type similar to
that of the yspA strain (P  0.0001). Thus, it does not appear that
the loss of multiple known effectors had an additive effect on
internalization. The more-severe decrease observed with the
ysaC strain could be a consequence of the inherent variability of
this assay, or the structural components themselves may play a
role in invasion and/or attachment.
The observed defect in S2 cell invasion by the ysaC and cer-
tain ysp strains suggested that active, Ysa-dependent invasion by
the bacteria is occurring and that uptake into S2 cells was not
simply a consequence of phagocytosis. Y. enterocolitica is an inva-
sive bacterium, and several factors have been shown to contribute
to this process, including invasin (27). Knowing that invasin is a
crucial factor for the invasion of intestinal M cells (37), we wanted
to determine if invasin played a role in the internalization of Y.
enterocolitica by S2 cells. A clean deletion of the inv gene was con-
structed, and inv strains with and without the virulence plasmid
were transformed with the gfp-expressing plasmid pJH026 and
tested in the gentamicin protection and percent intracellular bac-
teria assays. Both inv strains were found to exhibit a percent
intracellular bacteria that was the same as, or higher than, that of
their wild-type counterpart (data not shown). Unsurprisingly,
FIG 2 The Ysa T3SS is necessary for intracellular replication within S2 cells. A gentamicin protection assay was performed using S2 cells seeded on glass
coverslips. At the indicated times, samples were washed, fixed, and processed for fluorescence microscopy. Images were taken at a magnification of 	600. Green,
gfp-expressing Y. enterocolitica; blue, nuclei stained with DAPI; S2 cells were visualized with differential interference contrast (DIC).
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neither inv strain exhibited a marked reduction in RFU com-
pared to its wild-type counterpart, with inv pYV at 95% and
inv pYV at 85% (data not shown). Thus, invasin does not con-
tribute to internalization or intracellular replication of Y. entero-
colitica in S2 cells. This is not an altogether surprising result. It is
well known that invasin facilitates attachment to M cells by interact-
ing with1 integrins (38). While the Drosophila genome does contain
an ortholog for 1 integrin, we do not know if S2 cells express this
gene under these culture conditions or if the region involved in the
integrin-invasin interaction is conserved. Thus, invasin would not
necessarily be expected to play a role in the invasion of S2 cells.
Known Ysa effector proteins are not important for intracel-
lular replication. The reduction in intracellular bacteria exhibited
by the ysaC mutant could contribute to the reduction in the
bacterial replication phenotype observed in the GPA. If this is true,
then the yspA, yspF, and yspK strains might be expected to be
defective for bacterial replication since they are defective for in-
ternalization. Because other mechanisms may also be at play, we
tested pYV derivatives of all the ysp deletion strains in the GPA
and took RFU measurements at 20 hpi. We observed that none of
the individual Ysps were critical for replication within S2 cells, as
the RFU from the mutant strains ranged from 84 to 147% of the
wild-type strain value (Fig. 5A). Furthermore, the ysp9 strain
exhibited 107% of the wild type RFU (Fig. 5A). At this late time
point, there is a significant extracellular population of bacteria
that could mask subtle defects in intracellular replication. To cir-
cumvent this potential problem, we conducted bacterial growth
curves during infections with wild-type, ysaC, yspA, yspF,
yspK, and ysp9 strains. A standard GPA was conducted, but at
2, 5, 8, 16, and 20 hpi, samples were lysed and plated for CFU
enumeration. At 5 h, all strains show an increase in CFU over the
2-h point (Fig. 5B) and the growth rates were similar, ranging
between 0.71 to 0.91 doublings per hour (dph). However, between
5 and 8 hpi, the growth rate of the ysaC strain was significantly
lower (P  0.0005) than those of all the other strains, with 0.12
dph compared to a range of 0.38 to 0.55 dph for the other strains.
Despite lower percent intracellular bacteria at 2 hpi, the yspA,
yspF, yspK, and ysp9 strains had caught up to the wild-type
strain by 8 hpi. Thereafter, all strains except ysaC had similar
growth rates and CFU values (growth rates were not calculated
beyond 8 hpi due to the emergence of extracellular bacteria be-
yond this time point). These results indicate that, while a func-
tional Ysa T3SS is required for intracellular replication in S2 cells,
none of the known Ysps are necessary for replication. This hints at
the possibility that Ysa strains translocate unidentified Ysa effec-
tor proteins that contribute specifically to the ability to replicate
within S2 cells. Alternatively, one or more structural components
making contact with the host cell could trigger events that are
conducive to intracellular replication of this pathogen.
Intracellular replication is correlated with cytotoxicity. The
exact mechanism resulting in extracellular bacteria is not known,
but inspection of the microscopy images in Fig. 2 lead us to spec-
ulate that it was a consequence of intracellular replication: the
bacteria replicate to such high numbers that the cell ruptures
when it can hold no more, resulting in cell death. To test whether
Ysa Y. enterocolitica strains are capable of killing S2 cells, we
performed a cytotoxicity assay. Typical colorimetric lactate dehy-
drogenase (LDH) release assays failed to produce reliable results
(data not shown), and this is most likely due to the use of an
enzyme (diaphorase) that is sensitive to pH (39) and cannot func-
tion properly in the acidic insect cell culture media. We adapted a
noncolorimetric kit designed for measuring L-lactic acid such that
LDH activity could be determined. NADH, a product of LDH
activity, is detected by measuring absorbance at 340 nm; LDH
activity is reported as slopes (OD340/time), where the slope for
the uninfected lysed S2 cells was set to 100% (maximum) and all
others were normalized to this value. At 22 hpi, the LDH activity
from wild-type-infected samples was 76% of maximum, whereas the
activity from ysaC-infected samples was about 25% (Fig. 6). This is
just above the LDH levels from unlysed, uninfected cells (23% of
maximum). These results indicate that infection with Ysa bacteria
A. Wild Type, vacuolar
B. Wild Type, cytoplasmic
C. ∆ysaC
FIG 3 Transmission electron microscopy reveals Ysa-dependent bacterial inter-
nalization. Gentamicin protection assay was performed with pYV strains at an
MOI of 25. At 4 h postinfection, samples were fixed and processed for TEM as
described in Materials and Methods. Top panel, wild-type (WT)-infected cell with
a bacterium inside a membrane-bound compartment. Middle panel, WT-infected
cell with a bacterium that appears to be in the cytoplasm. Bottom panel, ysaC-
























































FIG 4 Bacterial internalization is enhanced by the Ysa T3SS. Wild-type and mu-
tant strains were assayed to measure the percentage of internalized bacteria as
described in Materials and Methods. The percent intracellular bacteria was deter-
mined for each strain and normalized to the average for the wild-type (WT) strain
in each assay (WT set to 100%); error bars represent the standard deviations.
Strains tested are all pYV and carry in-frame deletions of a single ysp gene
(yspA-P) or all 9 ysp genes (ysp9). The data are averages of at least 2 assays (n 
8). Student’s t test was performed to assess statistical significance. *, P  0.001; **,
P  0.0001.
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does indeed result in cell death. Although the ysp9 strain replicates
intracellularly with growth rates similar to those of the wild type, we
tested this strain to determine if it had altered cytotoxicity. The LDH
activity in samples infected with this strain was about the same as that
from wild-type-infected cells at 66% of maximum (Fig. 6). LDH ac-
tivity from infected cells was not elevated above uninfected, unlysed
cells until after 12 hpi (data not shown). These results confirm that
infection with Ysa bacteria causes cell death and support our model
that S2 cell death is a consequence of cell rupture caused by abundant
intracellular bacterial replication.
DISCUSSION
The discovery of the Ysa T3SS was reported in 2000 (5), but its
contribution to the Y. enterocolitica life cycle has remained some-
what elusive over the last 12 years. Several studies have shown that
it is required for full virulence in mice: ysa mutant strains have a
10-fold increase in the 50% lethal dose (LD50) by an oral route of
infection and have a slight defect for colonization of intestinal
tissues at early time points postinfection (4, 5, 8). In addition, the
results from in vitro assays indicate that the Ysa T3SS induces
cytotoxicity against J774.1 cells (8) and Ysa-secreted YopP sup-
presses tumor necrosis factor alpha (TNF-) production when the
assays are performed at 26°C (3). While these reports certainly
indicate that the Ysa T3SS is important for full virulence in mouse
model systems, it is not a critical component for pathogenesis in
the available mouse models. The subtle measures of attenuation
observed with the ysa mutants in mice, combined with the com-
plication of conflicting temperature requirements for Ysa T3SS
function and mammalian tissue culture models, have presented
challenges to studying the specific role that this system plays in
pathogenesis. Drosophila S2 cells have proven to be an excellent
model for investigating host-pathogen interactions (40). In addi-
tion, S2 cells are cultured at a temperature that is consistent with
Ysa gene expression and secretion. Thus, we decided to explore
this model as a means to study the Ysa T3SS in hopes that it would
shed light on its purpose in the Y. enterocolitica life cycle.
In this report, we show for the first time a pronounced Ysa-depen-
dent phenotype: it is required for infection of Drosophila S2 cells.
Infection of S2 cells by Y. enterocolitica is a multistep process that
requires (i) bacterial uptake, (ii) intracellular replication, and (iii)
escape into the extracellular environment (Fig. 7). The data presented
in this report suggest that the Ysa system is important for phases 1 and
2, but the third phase, escape from S2 cells, may not specifically be a
Ysa-dependent event, as it could simply occur as the bacterial num-
bers increase to the point of rupturing the host cell membrane.
The observation that Y. enterocolitica has the capacity to repli-
cate intracellularly is striking, as the pathogenic yersiniae are con-
sidered to be primarily extracellular pathogens. Y. enterocolitica
and Y. pseudotuberculosis are invasive pathogens and must invade
and traverse the M cells that overlay the Peyer’s patches (37). It is
within this lymph tissue that replication occurs, but primarily in
the extracellular environment. There have been several reports
showing that Y. enterocolitica can replicate within mouse macro-
phages (reference 41 and references within). In our lab, we have
observed some replication within human and hamster epithelial
cell lines (J. D. Hall, K. A. Walker, and V. L. Miller, unpublished
results). However, these phenotypes with mammalian cells are
likely to be dependent on invasin-mediated invasion and (at least
for the epithelial cells) are independent of the Ysa T3SS. The rep-






































































FIG 5 Loss of the known Ysa effector proteins does not impair bacterial replication within S2 cells. A gentamicin protection assay was performed as described for Fig.
1 using pYV strains carrying in-frame deletions of an individual ysp gene (yspA-P) or all 9 (ysp9). (A) Endpoint RFU measurement shows that all ysp mutants
replicate to wild-type (WT) levels by 20 h postinfection (hpi). Data shown are derived from two independent assays (n  6). (B) Bacterial growth during infection shows
that reduced intracellular bacteria at 2 hpi does not correlate with reduced intracellular growth. CFU were determined at the specified time points as described in
Materials and Methods and are shown as averages of 3 assays for 2, 8, and 20 hpi (n  11) and 2 assays for 5 and 16 hpi (n  7); error bars represent the standard deviations.












FIG 6 Infection with Ysa bacteria causes S2 cell death. A gentamicin protec-
tion assay was performed as described for Fig. 1 using pYV strains and al-
lowed to proceed for 22 h. LDH activity in supernatants is represented as the
slope of NADH production (OD340/time); the slope for the uninfected
lysed S2 cells was set to 100%, and all others were normalized to this value.
Data shown are averages of at least 2 assays (n  6). Student’s t test was
performed to assess statistical significance. *, P  0.0001.
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Ysa dependent, suggesting that unique processes are occurring,
which are unlike those observed in epithelial cells.
The role of the Ysa T3SS in promoting internalization into S2
cells is likely a secondary role. This notion is derived from the
observation that the yspA, yspF, yspK, and ysp9 mutants have a
decrease in internalized bacteria, yet these effector mutants have a
wild-type replication phenotype. Thus, even at lower initial intra-
cellular numbers, bacteria with deletions in certain ysp genes are
still capable of replicating within the S2 cells once internalized
(presumably by phagocytosis). Therefore, it appears that the Ysa
T3SS is a bifunctional secretion system, acting primarily as an
intracellular survival/replication factor, with a secondary role to
enhance invasion. Our data indicate that YspA, YspF, and YspK
play an active role in invasion, but it is possible that the T3SS
structural components also contribute to invasion and/or attach-
ment, as the ysaC strain has a more severe defect for internaliza-
tion. Furthermore, these data indicate that the ability to replicate
is not dependent on invasion by the bacterium, as strains with
invasion defects had intracellular growth rates similar to those of
the wild-type strain. Moreover, the observation that the ysp9
strain, lacking all known effectors, still has the capacity for normal
intracellular replication suggests that there are unidentified ysp genes
encoding proteins that contribute to the ability to replicate. It is per-
haps a bit naive to assume that all Ysps would be secreted from bac-
teria grown in laboratory growth medium, and therefore, it is not
unreasonable to predict that Y. enterocolitica may express and/or se-
crete other proteins once in the host intracellular environment. Ef-
forts to determine the Ysa T3SS-dependent proteins that promote
intracellular replication within S2 cells are currently being pursued.
Type III secretion effector functions vary from pathogen to
pathogen, but many are involved in blocking immune responses
and phagocytosis (for extracellular pathogens) or invasion and
interfering with phagocyte maturation (for intracellular patho-
gens) (34–36, 42, 43). Most of the Ysa secreted effectors, the Ysps,
are unique proteins with no conserved domains by which to pre-
dict their function. YspE, YspK, YspP, and YspM do have con-
served domains, but the specific roles in which these proteins per-
form their functions during infections have not been fully
established (4, 31). Here, we present evidence that some of the
effectors are important for bacterial entry into S2 cells but that
unidentified effector proteins are important for intracellular rep-
lication. The observation that there is a strong dependence on the
Ysa system for growth within insect cells, paired with the observa-
tion that ysa and ysp genes are preferentially expressed at 26°C,
also raises the intriguing notion that this T3SS may promote sur-
vival in an environmental niche (such as amoebas) or possibly in
an insect vector/host. Having established a model system in which
a functional Y. enterocolitica Ysa T3SS is necessary for successful
infection, we are poised to begin dissecting the contribution of this
secretion system to the survival of Y. enterocolitica. Moreover, with
the plethora of genetic and cellular techniques available with the S2
cell model, we now have the tools with which to identify the effectors
required for intracellular replication and investigate the mecha-
nism(s) used by individual effector proteins in the infection process.
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